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include hyperglycemia, hypertension, glomerular hyperfiltration, proteinuria, and possibly reduced nephron number and lipid disorders [2] . Despite clinical advances in understanding the metabolic causes of nephropathy, treatments aimed at interrupting these pathological processes have had limited success. Therefore, early intervention and treatment of DN is particularly important. However, the pathogenesis of DN is not yet fully understood, which has caused some difficulties in its diagnosis and subsequent treatment.
In recent years, the role of the angiogenesis-related factors of the angiopoietin family have received extensive attention in the context of DN [3, 4] . Studies have found that members of the angiopoietin family and the vascular endothelial growth factor (VEGF) family may be involved in the development of DN [3, 5] . Among the four structurally related proteins of the angiopoietin family (Ang-1, Ang-2, Ang-3 and Ang-4), Ang-2 is known to be the ligand of the Tie receptor, tyrosine kinase. In vitro experiments revealed that Ang-2 expression can be stimulated by glucose levels [6] . In vivo experiments further showed that Ang-2 expression was significantly increased in the renal cortex in a type 1 DN model [7] . Alterations in Ang-1 and Ang-2 expression were also associated with uncontrolled changes in capillary growth and structural changes in DN [3] . Studies have also found that high levels of Ang-2 expression can induce apoptosis of endothelial cells and increase urinary protein [8] . However, its role in DN and the mechanisms by which it exerts its effects remain unclear.
Previous studies have suggested that chronic low-grade inflammation and activation of the innate immune system are closely related to the microvascular complications underlying diabetes [9] . Inflammatory cytokines such as IL-1, IL-6, IL-18 and TNF-α maybe involved in the development and progression of DN [9] . For example, accumulating evidence suggests that IL-18 is a DN pathogenic cytokine. It has been reported that serum and urine IL-18 increase in patients with type 2 diabetes, which may be associated with the occurrence of DN [10, 11] . However, how IL-18 functions in the pathogenesis of DN has not been fully elucidated.
Alprostadil (PGE1) is widely used in the clinic based on its vasodilatory effects to dilate blood vessels and its anti-platelet effects to inhibit platelet aggregation. Clinical studies also show that alprostadil can reduce urinary protein and protect renal function through unclear mechanisms [12] [13] [14] . In this study, we sought to establish a DN model by STZ induction, as a means to observe the early morphological changes that occur in DN, while simultaneously monitoring the expression levels of key angiogenesis-related factors such as, Ang-2/Tie-2 and the inflammatory cytokine, IL-18. Our data provide new insights into the molecular mechanism by which alprostadil reduces urinary protein and protects renal function, that is, at least in part due to a decrease in Ang-2 and IL-18 levels.
Materials and Methods

Induction of diabetic nephropathy in mice
All animal protocols were performed in accordance with the U.S. National Institutes of Health guidelines (NIH Publication No.85-23, revised 1996) and approved by the Animal Care and Use Committee at the Huazhong University of Science and Technology.
The diabetic mouse model was induced as described previously [15] [16] [17] . Briefly, 8-week-old male C57BL/6J mice at SPF level (purchased from Beijing HFK Bioscience Co., Ltd., Beijing, China) were divided randomly into three groups: non-diabetic controls (n = 15), diabetic nephropathy model (n = 20) and diabetic mice with alprostadil treatment (n = 25). Mice were fasted for >12 h and injected intraperitoneally with a single dose of 140 mg/kg of STZ (streptozotocin; Sigma-Aldrich, St. Louis, MO, USA) solubilized in pH4.8 citrate buffer or saline. Three days after administration, blood was withdrawn from the tail vein and blood glucose was measured using a glucometer (One Touch Blood Glucose Instrument, LifeScan, USA). Mice were considered diabetic if blood glucose was higher than 16.7mmol/L for two consecutive measurements [15, 18] . HbA 1c levels were measured using a commercial kit (A1C now + ; Bayer Corporation, NY, USA). Urinary protein was monitored weekly and mice with continuous proteinuria were confirmed as having DN. Body weights were measured daily throughout the study.
After two weeks of STZ injection, mice were considered diabetic. Based on our previous studies [19] and unpublished pilot experiments, diabetic mice were given daily intraperitoneal injections of alprostadil (Beijing Tide Pharmaceutical Co., Ltd., Beijing, China) at a dose of 80 µg/kg or saline as a control. After two weeks, four weeks and eight weeks of drug treatment, urine samples were collected from each group using metabolic cages [17] . At the end of the study, 15 control mice, 15 diabetic mice and 18 diabetic mice treated with alprostadil were sacrificed by cervical dislocation and blood samples were collected. Kidney weight was measured immediately. Subsequently, half of the middle portion of the left kidney was fixed in 4% paraformaldehyde for detection of renal morphology and immunohistochemical staining while the rest of the kidney was snap frozen at -80 o C for RT-PCR and Western blot analysis.
Urinary protein excretion, blood lipids, and renal function determination
Urinary protein, triglycerides (TG), total cholesterol (TC), serum creatinine and urinary creatinine were determined at 24h using an automatic biochemical analyzer (ADVIA 2400, Siemens, Erlangen, Germany) as previously described [16] . Creatinine clearance rate was calculated and expressed as µL/min/g.
Renal morphology assessment
Mouse kidney tissue was fixed in 4% paraformaldehyde and embedded in paraffin. Tissues were serially sectioned at a thickness of 4 µm, dewaxed with xylene, hydrated with gradient ethanol before staining with PAS. Renal morphological changes were observed under a light microscope. As previously described [16] , PAS-stained sections of the renal cortex, the glomerular tuft area was determined by the total glomerular area minus the urinary space area and the urinary recesses area. The ratio of the glomerular matrix area to tuft area was taken as the relative glomerular extracellular matrix (ECM). At least 50 glomeruli were counted per kidney and the average values determined for these glomeruli were used for quantitative analysis. Quantitative evaluation was performed using an Olympus light microscope equipped with a video camera and an HPIAS-1000 image analysis system at 400x magnification [20] .
Cell culture and treatment
Mice glomerular endothelial cells (GEnCs) were purchased from Cell Biologics (C57-6014G) and cultured according to the manufacturer's protocol and previous reports [21, 22] . Cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco Invitrogen, Life Technologies, Scotland, UK) with 10% fetal bovine serum (FBS, Gibro Invitrogen). Cells were digested with 0.25% Trypsin-EDTA solution (Gibro Invitrogen) for 3-5 min at 37°C. As soon as the cells detached, cell culture medium supplemented with 10% FBS were added to these cells. Then cells were plated in six-well plates coated with gelatin-based coating solution in a humidified, 5% CO2/ incubator at 37°C. GEnCs were grown to confluence at 2x10 4 cells/ml, cells were then incubated in DMEM without FBS for 24 hour. After incubation with 5.6 mM D-glucose (as control, NG group) and 30 mM D-glucose (HG group) for 12, 24 or 48 hours, the culture supernatants were collected and the levels of Ang-2 and IL-18 were determined by Western blot analysis.
Ang2 transfection studies in GEnCs
Once the GEnC cells reached 80-90% confluence (5x10 4 cell/ml), the medium was replaced with OPTI-MEM (Invitrogen, Carlsbad, CA, USA) for 4 hours and incubated with 5% CO 2 at 37°C. Subsequently, the pcDNA3.1-Ang2 plasmid (kindly provided by Dr. Benest, University of Heidelberg), Ang2 siRNA and Lipofectamine 2000 diluted with OPTI-MEM were applied to the cells with the six-well plates gently rattled for 6 hours. Ang2 siRNA (Santa Cruz Biotechnology) using Lipofectamine 2000 (Invitrogen, USA) according to manufacturer's protocols in the absence and presence of various concentrations of glucose. The OPTI-MEM media was replaced with normal medium and incubated for another 48 hours. Cell culture supernatants were collected and Ang-2 as well as IL-18 levels were measured using Western blot analysis.
Reverse transcription PCR (RT-PCR) assay
Total RNA was extracted from renal tissues using Trizol reagent (Takara, Shiga, Japan) according to manufacturer's instructions. Three μg of total RNA was used to synthesize cDNA with Prime Script TM synthesis kit (Takara). PCR amplification was performed in the presence of 2μl cDNA, TaqDNA Polymerase (Takara) and gene specific primers. The following primers were used: Ang-2, sense(5′-ATCTTCCTCCAGCCCCTAC AT-3′) and antisense (5′-GCTTCCACATCAGTCAGTTTCC-3); Il-18, sense (5′-GACCTGGAATCAGACAACTTTGG-3) and antisense (5′-CTCTTTGATGTCACGCACGATTTC-3). PCR products were separated by 2% agarose gel electrophoresis (2μl Syber Green I was added to each 8μl PCR product). Results were obtained with an automatic gel imaging system (Media Cybernetics, MD, USA) and DNA band intensity was quantified using Gel-Pro Analyzer 4.0 software (Media Cybernetics). β-actin was used as an internal control and data are shown as relative gene expression levels normalized to β-actin.
Western blot analysis
Western blot was performed as described previously [23] . Briefly, after protein concentrations were determined (BCA Protein Assay Kit, Sigma-Aldrich), 50 µg protein lysates were separated via a 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Sigma-Aldrich, USA). Non-specific binding was blocked by incubating membranes in 5% fat-free milk in TBS buffer containing 0.1% Tween 20 (TBS-T) for 1 hour. Thereafter, membranes were incubated overnight at 4 °C with primary antibodies for goat anti-angiopoietin-2 (1:1000, Santa Cruz Biotechnology, CA, USA) and rabbit anti-IL-18 (1:1000, Santa Cruz Biotechnology). After washing, blots were incubated for 1 hour at room temperature with horseradish peroxidase (HRP) labeled secondary antibodies (1:5000). Immunoreactive proteins were developed by enhanced chemiluminescence (ECL) Western blotting detection reagent (Amersham Biosciences, Piscataway, NJ, USA) and visualized on Kodak Omat X-ray films. β-actin was used as a loading control. The density of each band was quantified using Image J software (NIH, Bethesda, MD, USA).
Immunohistochemistry
Four micron paraffin sections were hydrated through a graded series of ethanol washes, followed by 3% H 2 O 2 treatment, microwave heating (2 x 3 min at high power), and three PBS washes. Sections were then blocked in 5% BSA for 20min and incubated with rabbit anti-mouse Ang-2 antibody (Santa Cruz Biotechnology, 1:150) or rabbit anti-mouse IL-18 antibody (Santa Cruz Biotechnology, 1:150) at 4 °C overnight. After PBS washes, slices were incubated with a HRP-conjugated secondary antibody at 37°C for 30 min before staining with DAB and hematoxylin. Semi-quantitative analysis of target protein expression was performed as previously described3 [24] . Briefly, ten randomly selected fields (400x) per kidney were captured and each field was imaged with one glomerulus in the center of the picture. A positive area was identified by yellow staining and Image-Pro Plus software (Media Cybernetics, MD, USA) was used to quantify the integrated optical density (IOD). The ratio of positive area to total area represents the relative amount of substance expression.
Statistics
Data are expressed as mean ± SEM. Statistical significance was calculated using one-way ANOVA, followed by post hoc analysis using the least significant difference method. Bi-variate correlation analysis was performed using Pearson correlation analysis. Values were considered statistically significant when P < 0.05.
Results
Alprostadil treatment had no effect on metabolic parameters in mice STZ-injected mice displayed increased blood glucose and HbA1c levels as well as decreased body weight prior to alprostadil treatment, compared with non-diabetic control mice (Fig. 1) . Alprostadil was shown to have no obvious effect on these metabolic parameters throughout the treatment period (Fig. 1 ). There were also no significant differences in serum lipid levels among all three groups (data not shown). Twenty-four hour urinary protein, creatine clearance rate and kidney/ body weight ratio were all significantly increased in diabetic mice compared with nondiabetic mice (P <0.001, Fig. 2 ). After four weeks of daily treatment with alprostadil (80μg/ kg BW intraperitoneal injection), the 24h urine protein (Fig. 2a) , creatinine clearance rate (Fig.2b) and kidney/body weight ratio (Fig. 2c) were significantly reduced compared with diabetic mice (P<0.05). Furthermore, with prolonged (eight weeks) alprostadil treatment, 24h urinary protein and creatinine clearance rates were still reduced compared with diabetic mice (Fig. 2a and b) .
Alprostadil treatment ameliorated renal damage
Alprostadil treatment ameliorated renal morphologic lesions
We next examined pathological changes after alprostadil treatment by Periodic acidSchiff (PAS) staining. As shown in Fig. 3a , compared with non-diabetic control mice, diabetic mice showed glomerular hypertrophy, expansion of the mesangial area, and cloudy swelling of renal tubular epithelial cells. Moreover, the pathological damage increased over time (Fig.  3a, panels B1-B3) . However, these pathological changes were ameliorated as short as two weeks after alprostadil treatment when compared to control diabetic mice, and continued to improve with prolonged treatment time (Fig. 3a, panels C1-C3) . Furthermore, quantitative analysis showed that the ECM was significantly reduced after four weeks of alprostadil treatment in diabetic mice (Fig. 3b) .
Hyperglycemia-induced increase of Ang-2 levels was reduced after alprostadil treatment
Due to our previous observations of Ang2 levels increased in DN patients and others highlighting a potential role for Ang2 in DN [4, 6, 7] , we examined the expression of Ang-2 in STZ-induced and alprostadil-treated mouse models. Ang-2 mRNA levels were greatly increased in diabetic mice as compared to non-diabetic mice (Fig. 4a, b) , consistent with previous reports 7 . Consistent with our RNA findings, Ang-2 protein levels were also greatly increased in diabetic mice (Fig. 4c-d) . However, alprostadil treatment significantly reduced both Ang-2 mRNA and protein levels (Fig. 4a-d) . Immunohistochemistry staining studies 
Alprostadil attenuated Ang-2 and IL-18 expression in cultured endothelial cells
Mouse endothelial cells were cultured with normal glucose or high glucose for 12, 24, 48 hours. Ang-2 and IL-18 expression levels were significantly increased in endothelial cells by exposure to high glucose at 48 hours (Fig. 7a-d) . Forty-eight hours of alprostadil treatment attenuated HG-induced Ang-2 and IL-18 expression, as shown in Fig. 7e-h . Incubation of cells with an osmotic control (30 mM of mannitol) did not reproduce the same effect (data not shown).
Ang-2 increased IL-18 expression in cultured endothelial cells under high glucose
To determine whether the levels of Ang-2 in GEnCs cells were sufficient to induce expression of IL-18, we measured levels of IL-18 protein. As shown in Fig.8 , high levels of glucose could directly induce Ang-2 and IL-18 expression. Ang-2 had no effect on IL-18 expression when GEnCs were incubated with 5 mM glucose. However, Ang-2 further increased IL-18 protein levels in GEnC cells incubated with 30 mM glucose. The effects of high glucose were partially rescued by treatment with Ang-2 siRNA.
Discussion
DN is a common cause of end-stage kidney disease. Early symptoms of DN include increased glomerular and tubular epithelial cell hypertrophy and micro-albuminuria formation, thereby resulting in glomerular basement membrane thickening, mesangial matrix increase and proteinuria. The degree of proteinuria is closely related to glomerulosclerosis and tubule interstitial fibrosis progression [25] , thus reducing urinary protein becomes critical in the treatment of DN.
Alprostadil (PGE1) is a widely used drug due to its effects of dilating blood vessels, inhibiting platelet aggregation and improving peripheral circulation. Clinical studies have shown that alprostadil can decrease proteinuria and protect renal function. Alprostadil was also reported to play a role in improving and protecting the kidneys through inhibition of the immune response, reducing kidney inflammation and reducing kidney cell apoptosis [12] [13] [14] . However, the exact mechanisms remain unclear and is the focus of our current study.
Here we used a single intraperitoneal injection of STZ to induce DN in C57BL/6J mice and observed an increase in urinary protein, creatinine clearance rate, kidney/body weight ratio, glomerular volume and ECM. However, after alprostadil treatment, we show that urinary protein and creatinine clearance rate were significantly reduced along with attenuation of other pathological renal features, which is consistent with previous reports that alprostadil has a protective effect on the kidneys [12] [13] [14] .
The mechanisms underlying the protective effect of alprostadil are unknown. Our attention drew to the angiopoietin family and inflammatory cytokines as potential regulators, since recent studies showed that Ang-2 is upregulated in DN and glomerulonephritis [7, 26] . Ang-2 is stored in endothelial cell Weibel-Palade bodies and can be released by high-sugar, hypoxia, and inflammatory cytokines [27] . Research has also suggested that inflammation plays an important role in DN. For example, IL-18, a member of the IL-1 family, can enhance cytokine and chemokine generation [28] . Recent studies have shown that serum IL-18 level is increased in human acute hyperglycemia, as well as in patients with type 2 diabetes [29, 30] . Natamura et al. also reported that blood and urine IL-18 levels are elevated in people with type 2 diabetes and DN [11] .
In the present study, prolonged alprostadil treatment (more than 4 weeks) resulted in a significant reduction of both Ang-2 and IL-18 mRNA and protein levels in diabetic mice. In addition, high glucose-induced Ang-2 and IL-18 expression was attenuated by alprostadil treatment in cultured glomerular endothelial cells. Both in vivo and in vitro results suggest that alprostadil might improve kidney function and protect mice from DN through regulation of these two genes.
Our data also revealed a previously unappreciated correlation between Ang-2 and IL-18. We found that both mRNA and protein levels of Ang-2 and IL-18 were positively correlated. In addition, Ang-2 mRNA was reduced in diabetic mice as short as two weeks after alprostadil treatment prior to alterations in Ang-2 protein levels and IL-18 gene expression, suggesting that the reno-protective effects of alprostadil are partly due to regulation of the Ang-2 gene at the early stages of DN. Ang-2 had no effect on IL-18 expression when GEnCs were incubated in glucose at normal levels. However, Ang-2 further increased IL-18 protein levels in GEnCs incubated in high glucose. The increased expression of Ang-2 in response to high glucose may lead to the increased expression of IL-18, These data provided evidence to suggest that high glucose-induced IL-18 production might be mediated by the induction of Ang-2 in glomerular endothelial cells, However, the mechanism needs further investigation.
In conclusion, our study provides new insights into the understanding of the molecular mechanisms underlying alprostadil protection on renal function. We also identified Ang-2 and IL-18 as potential therapeutic targets for DN treatment.
